The irregularity of El Niñ o is investigated with a 400-year simulation of a coupled ocean-atmosphere general circulation model. The model produces irregular El Niñ os with peak sea surface temperature (SST) anomalies ranging from 1 C to 4 C in the equatorial central-eastern Pacific. In the equatorial Pacific, the temporal phase relationship of the upper ocean heat content (OHC) anomaly relative to SST, and wind stress anomalies can be explained by the ''recharge oscillator'' mechanism. A difference of the zonal mean OHC anomaly between the equator and the northern subtropics arises before the development of equatorial SST anomaly. It is found that a larger OHC anomaly is accumulated on the equator as a precursor of strong El Niñ o. The heat-budget analysis suggests that horizontal advection in the ocean interior is a major contributor to the build-up of the larger OHC anomaly during the recharge phase, which is associated with the zonal-mean wind-curl anomaly in the off-equatorial North Pacific. This also implies that the surface heating in the subtropics is a potential contributor through meridional heat transport. Besides the aspect of amplitude irregularity, the model El Niñ o shows irregularities in frequency and seasonal phase locking. Possible linkages between these irregularities are discussed.
Introduction
The irregularity of El Niñ o and Southern Oscillation (ENSO) is currently a major issue in the ENSO theory (Neelin et al. 1998) . There are several different aspects of ENSO irregularity. The first aspect is the irregularity of amplitude; the amplitude of the sea surface temperature (SST) anomaly in the equatorial Pacific differs from one event to another. The second aspect is the frequency modulation; the ENSO variability has a rather broad spectral peak from roughly 2 to 7 years in periods. Jiang et al. (1995) , for instance, found that ENSO variability can be divided into quasi-biennial and quasi-quadrennial periods. The third aspect of the ENSO irregularity is the phaselocking. Although ENSO tends to have its peak at the end of the calendar year, there is an interdecadal change of the seasonal phaselocking (Mitchell and Wallace 1996) , or eventwise scattered phase locking (Neelin et al. 2000) . Furthermore, the predictability of ENSO also exhibits decadal variability (Kirtman and Schopf 1998) .
The origin of the observed ENSO irregularity has remained open to argument, and has been a matter of controversy among many researchers. There are three distinct hypotheses for the origin of ENSO irregularity. The first one is deterministic chaos associated with the nonlinear dynamics of ENSO (Munnich et al. 1991; Jin et al. 1994; Tziperman et al. 1994; Chang et al. 1994; Tzipernam et al. 1995) , the second is stochastic ''weather noise'' forcing (Kleeman and Power 1994; Chang et al. 1996; Flü gel and Chang 1996; Blanke et al. 1997) , and the third is decadal changes in the climatological background state (Kirtman and Schopf 1998; Fedorov and Philander 2000; An and Wang 2000) . Recent studies suggest that the observed irregularity may be induced by combinations of the above causes, with the degree of contribution possibly varying with time. There is also a question as to whether or not there are any links between the different aspects of the irregularities mentioned above.
The 1997/98 El Niñ o was the strongest event in the twentieth century, and it occurred under the intensive, and extensive observation of buoys and satellite measurements, such as the TAO array and TOPEX/Poseidon. Even so, the reason why it was so strong has not been sufficiently answered.
For the ENSO dynamics, Jin (1997) proposed the ''recharge oscillator'' paradigm, in which oscillations are caused by recharge-discharge of the zonal-mean equatorial ocean heat content through the oceanic adjustment not only with the equatorial ocean waves, but also with the midlatitude Rossby waves. Extending the concept of this recharge oscillator theory, the strength of El Niñ o may be associated with its recharge stage in the mechanism. Meinen and McPhaden (2000) showed that the zonal mean warm water volume anomalies in the equatorial Pacific precede the SST anomalies by about seven months, based on subsurface ocean temperature data since 1980. They suggested that the magnitude of the SST anomalies is directly related to the magnitude of the warm water volume anomalies, hence heat content anomalies in the equatorial Pacific. For the build-up of the equatorial heat content anomaly, Li (1997) noted the importance of wind stress curl anomaly at the off-equator (though the subtropics), that is related to the atmospheric Hadley circulation. It is thought that influences of atmosphere-ocean coupling and/or ''weather noise'' forcing in the subtropics through midlatitudes might be an essential factor for the preconditioning of the strong El Niñ o.
In past studies on the mechanism of ENSO irregularity, simple coupled models, such as the ''delayed oscillator'' (Schopf and Suarez 1988; Battisti and Hirst 1989) , the recharge oscillator (Jin 1997) , and ''reduced physics'' models (Neelin et al. 1998) , such as the Cane-Zebiak type coupled model (Cane and Zebiak 1985) were used rather than full physics GCMs. Those models were useful for investigating the dependence on parameters in the ENSO system. In those simplified models that commonly excluded the extratropics, the influence from the subtropics and midlatitude variability is treated as an uncorrelated stochastic forcing. However, there are many kinds of atmospheric variabilities outside the equatorial Pacific, (for instance, the interannual variation of the Asian monsoon) that possibly interact with ENSO, and that can be simulated by CGCMs. Recently, simulated ENSO in full CGCMs has become sufficiently realistic in its temporal and spatial structure, and has been analyzed from the aspect of the recharge oscillator paradigm and shown to be consistent with it (e.g., Collins 2000; Yu and Mechoso 2001) . We believe we will be able to get useful information about the irregularity of ENSO by analyzing realistic model ENSOs in such CGCMs.
Only the two extremely strong events in the Pacific in 1982/83 and 1997/98 happened under observation, with sufficient measurements of both the atmosphere and the subsurface ocean. Obviously, it is difficult to evaluate the differences of merely observed events with any statistical significance. Studying simulated ENSO in a multi-century integration of CGCMs, however, will lead to a better understanding of the relationships between the precursors and the magnitude of SST anomalies in the following event with a statistical confidence.
The objective of the present study is to verify the oscillation mechanism for the simulated ENSO in a full-physics CGCM and to identify the precursors for irregular El Niñ os, which will contribute to solving questions about irregularities in the observed ENSO. This paper is organized as follows. Section 2 describes the model and experiment, and Section 3 gives an overview of the ENSO simulated in the model. Section 4 presents differences between strong and weak El Niñ os based on composite analysis, and a brief comparison with the observed El Niñ o is also shown. The irregularity of simulated phase-locking behavior is also depicted. Section 5 gives a summary and discussion.
The model and experiment
The model used for this study is the second version of the Meteorological Research Institute's (MRI) coupled atmosphere-ocean general circulation model (MRI-CGCM2; a full description of the model is given in Yukimoto et al. 2001) . The model covers the global domain for both the atmospheric component and oceanic component. The atmospheric component is a spectral model with a horizontal resolution of T42, (approximately 2:8 Â 2:8 transformed grid), and 30 vertical levels with the top at 0.4 hPa. The oceanic component is a Bryan-Cox type ocean general circulation model (OGCM) with a global domain. The longitudinal horizontal grid spacing is 2.5
. The meridional grid spacing is non-uniform with the finest resolution of 0.5 near the equator (between 4 S and 4 N) gradually increasing to 2.0 poleward of 12 S and 12 N. This finer resolution enables the OGCM to give a better representation of the equatorial waves in the ocean. The OGCM has 23 vertical levels, and 13 of those levels are placed between the surface and the 300 m depth of the upper ocean.
After a 209-year spin-up of ocean followed by a 111-year coupled spin-up of the model, a 400-year control integration was performed. In the control run, climatological flux adjustments for heat and freshwater, (which are determined from the last part of the coupled spin-up run), were added to the instantaneous fluxes at the surface. An adjustment for momentum was also employed in the equatorial band (12 S-12 N) , where the surface wind stress differences between model climatology and observation (Hellerman and Rosenstein 1983) were added with the factor of a Gaussian shape centered at the equator. We used the results from the 400-year control integration for the present study.
The model ENSO

Simulated SST variability in the tropical
Pacific Figure 1 shows the time series of the SST anomaly in the NINO3 region (150 W-90 W, 5 S-5 N) (hereafter SST-NINO3), for the first 200 years of the 400-year simulation. There are prominent interannual oscillations in the SST-NINO3 time series. The correlation between SST-NINO3 and the Southern Oscillation Index (SOI; defined as mean sea level pressure difference of Tahiti minus Darwin; not shown in the figure) is À0.72, which implies the wellknown air-sea covariant relationship in the observed ENSO. The SST-NINO3 frequently shows several large positive peaks (El Niñ o) exceeding þ4 C, while it shows the maximum negative peaks around À2.5 C (La Niñ a). This asymmetric amplitude for El Niñ o versus La Niñ a is also a realistically simulated feature in the model ENSO. With respect to the magnitude of variability, the standard deviation of SST-NINO3 is 1.6 C, which is substantially larger than the observed 0.7 C. The maximum peak value of þ4 C is comparable with that for the observed 1997/98 El Niñ o (þ3.6 C), however, such strong events happen more frequently in the model than are observed.
It is apparent that there is an interdecadal modulation of the SST-NINO3 amplitude. For instance, years 105-130 and 150-185 appear to be active periods with a number of large events, while years 60-70, and 130-145, are relatively calm periods. With respect to frequency, quasi-biennial oscillation appears dominant, however, longer (3-6 years) intervals become notable in the active periods, with larger peaks in SST-NINO3. This implies that there is a frequency modulation that might be related to the amplitude modulation.
The time series of the equatorial zonal-mean ocean heat content anomaly is also shown in Fig. 1 . The vertically averaged temperature from the surface to 300 m depth (VAT300) is defined as an indicator of the ocean heat content, which reflects a variation of thermocline depth. It is apparent that this variation is closely linked with the SST-NINO3 variation. A peak in the ocean heat content anomaly precedes the SST anomaly peak. Larger heat anomalies are built up prior to a larger SST anomaly in many cases.
Spatial structure
The geographical anomaly distributions associated with the model ENSO for SST and zonal wind stress are examined with projections on the SST-NINO3 time series with linear regressions (Fig. 2) . The SST anomaly pattern in the tropical Pacific is similar to what is typically observed, that is, a positive anomaly extending from off-Peru to the central Pacific along the equator. The atmospheric response in the tropical Pacific on the SST anomaly is remarkable in the wind stress anomaly distribution (Fig. 2b ) that shares basic features with the observed one. There is a significant westerly wind stress anomaly in the west central Pacific near the equator. In the off-equator regions, easterly anomalies are seen around the Inter-Tropical Convergence Zone (ITCZ) in the Northern Hemisphere, and the South Pacific Convergence Zone (SPCZ) in the Southern Hemisphere.
This wind anomaly pattern is closely related to the precipitation change with an enhancement in the central Pacific along the equator, and a weakening along the ITCZ and SPCZ. The enhanced convective precipitation in the equator leads to an anomalous local Hadley circulation with the ascending branch on the equator, as well as an anomalous Walker circulation with a westerly wind anomaly along the equator in the west-central Pacific. The anomalous Hadley circulation accompanies descending branches near the ITCZ and the SPCZ, which are associated with the suppression of convective activity. For the observed El Niñ o, Oort and Yienger (1996) demonstrated that the atmospheric meridional circulation becomes stronger than normal with its ascending branch at the equator and descending branch near the ITCZ accompanying an easterly wind anomaly around the ITCZ, which leads to an enhancement of the atmospheric poleward heat transport at the tropical latitudes. The meridional gradient of the zonal wind stress anomaly implies a pair of positive wind stress curl anomalies, along the off-equator region in both hemispheres, which will lead to anomalous poleward Sverdrup flows in the upper ocean. Figure 3 shows the temporal variations of zonal distributions for SST, zonal wind stress and VAT300 along the equator (averaged between 6 S and 6 N). These are calculated with lagged regressions on the SST-NINO3 time series, to extract the related variation of the fields with the model ENSO. The variation of SST along the equator exhibits an oscillation in nearly the entire Pacific, with the maximum positive peak in the central Pacific at the 0-month lag (a simultaneous variation with SST-NINO3 by definition). There is no east-west propagation; the entire basin displays a standing oscillation without a phase difference. The zonal wind stress at the equator has a major variation in the west central Pacific. The westerly anomaly is in phase with the positive SST anomaly, which suggests that the tropical atmospheric circulation responds quickly to the SST anomaly in the equator.
Temporal evolution
The variation of ocean heat content indicates a distinct phase difference between the eastern and western Pacific. At the time of the positive peak in SST anomaly (Lag ¼ 0), the ocean heat content anomaly shows a positive in the east and a negative in the west, suggesting an anomalous eastward gradient of the thermocline along the equator, which is considered to be a dynamical response of the upper ocean to an anomalous eastward pressure gradient due to the westerly wind stress anomaly. The eastwest phase lag is roughly 6 months, and it appears to be propagating eastward. The arrival of the positive ocean heat content anomaly at the eastern Pacific corresponds to the onset of the positive SST anomaly. The evolution of the ocean heat content anomaly captures the characteristics of the variations of thermocline depth and dynamic height observed by TAO/ TRITON measurements. The basic characteristics of the evolution are often well represented by simple coupled models of the tropical Pacific (e.g., Battisti and Hirst 1989) , and are explained by the composite effect of the contributions from Kelvin and Rossby waves (Kang and An 1998) .
Oscillation mechanism
The recharge oscillator mechanism in the ENSO cycle is characterized by variation in ocean heat content anomalies along the equator, with a zonal mean component and a zonal asymmetric component, in which the former is the manifestation of charge and discharge of ocean heat content in the equatorial Pacific. In order to verify the mechanism of the model ENSO from the aspect of the recharge oscillator, the empirical orthogonal functions (EOFs) for the zonal ocean heat content along the equator (average of 6 S-6 N) were calculated. Since finding that the variation of the zonally averaged ocean heat content was out of phase between the equatorial latitudes of 6 S-6 N, and the off-equator (poleward of 6 S and 6 N), the equatorial region was refered to for the model ENSO as those latitudes (6 S-6 N). Figures 4a and 4b present the first and second EOFs, which account for 55% and 33% of the total variance of equatorial ocean heat content. It is obvious that the first mode represents the zonal asymmetric component with an eastwest seesaw, and that the second mode represents the zonal mean component with the same sign across the entire basin. The phase relationship between the two modes was examined by a lag correlation between the principal components (PCs) (Fig. 4c) . The auto-correlation for the PC1 indicates unity at lag ¼ 0 (by definition) and minimum values of about À0.5 at around À12 and 12 months, which implies that biennial oscillation is dominant in the model ENSO. Lag correlations of the PCs with SST-NINO3 were also calculated, and it was found that the first mode (i.e., the zonal asymmetric mode) is highly correlated (0.92) and had very little phase lag relative to the SST-NINO3. In that sense, this mode is closely linked to the equatorial SST and is considered as the SSTdynamics part in the recharge oscillator theory. The second mode (i.e., the zonal mean mode) has a maximum correlation (0.57) six months prior to the first mode and a minimum correlation (À0.76) six months lagging. In view of the recharge oscillator theory, this mode is related to the ocean-adjustment part that acts as negative feedback or a phase transition mechanism. Oscillatory behavior of the two modes, with an approximate 90-degree phase lag in a phase trajectory plot (Fig. 4d) , was confirmed. This suggests that the two modes of SST, and the charge-discharge of the equatorial heat content, act as negative feedback for phase transition for each other. Figure 5 illustrates geographical distributions of the ocean heat content anomaly corresponding to the two EOFs. The anomaly pattern for the zonal asymmetric mode along the equator (the first mode; Fig. 5a ) has a maximum anomaly in the eastern equatorial Pacific, and negative anomalies in the western Pacific concentrated at the northern and southern off-equator regions. This pattern reflects the westward thermocline tilt due to the Fast adjustment to westerly wind stress forcing at the equator. Thus, the pattern is in quasiequilibrium with the wind forcing, since it has little phase lag with the SST pattern and the wind pattern shown in Fig. 2 .
The anomaly pattern related to the zonal equatorial mode (the second mode; Fig. 5b ) shows the same sign across the basin with a spindle shape along the equator. This pattern is dominated by the zonal-mean variation of the equatorial heat content, which is associated with the Very Low Frequency mode (Jin 2001) of the tropical ocean adjustment. This pattern is thus not in quasi-equilibrium with the equatorial zonal wind stress, but it is slowly adjusting to the off-equatorial wind stress curl in Fig.  2b .
The first and second patterns may be reminiscent of Rossby waves (propagating westward) in the off-equatorial western Pacific, and a Kelvin wave (propagating eastward) along the equator, respectively. However, it should be noted that both patterns include components of Kelvin and Rossby waves, and are a result of the interference of these equatorial waves. Therefore, the slowness of this adjustment makes the second pattern ( Fig. 5b ) far behind (@6 months) the first pattern ( Fig. 5a ) compared with the time lag that is expected from a free-wave reflection at the western boundary. The above behavior of the ocean heat content pattern is a clear illustration that confirms the recharge oscillator mechanism is at work in this model. Figure 6 depicts temporal evolutions for zonal mean variables related to the SST-NINO3 variation. The evolution of zonal mean equatorial (6 S-6 N) SST is almost identical to the SST-NINO3 variation. The variation of the ocean heat content, averaged for 6 S-6 N, exhibits a maximum peak about 4 months prior to the SST peak. The wind stress curl at the offequator (6 N) has an in-phase variation with the equatorial SST, since it reflects the instantaneous response of the tropical atmosphere to the SST anomalies, as previously mentioned.
It is believed that the zonally integrated wind stress curl anomaly in the off-equator regions will lead to a meridional heat advection change at those latitudes through an anomalous geostrophic current. The variation of the northward heat advection at 6 N possesses a 1-2 month phase lag behind the wind stress curl variation, which is consistent with the above assumption. Furthermore, there is a quarter cycle phase lag relative to the ocean heat content variation, which means an out-ofphase relation with the tendency of ocean heat content. A positive anomaly of the northward heat advection at the northern off-equatorial latitudes suggests a contribution to heat content discharge from the equatorial region.
The zonal structure of the variation of northward heat advection is shown in Fig. 3d . There are positive (northward) heat advection anomalies in phase with the maximum westerly wind stress (Fig. 3b) , and positive curl at 6 N ( Fig. 6 ) over most of the basin, though there is a phase difference between the eastern and western end. The intense anomalies at the western boundary are out-of-phase with the anomalies in the interior basin. This seems to be consistent with the effects of wave reflections at the boundary, for instance, a southward heat advection anomaly is expected from the negative ocean heat content anomaly in the east off the Philippines (Fig. 5a) .
However, the meridional transport anomaly over the ocean interior makes a larger contribution to the zonally integrated net heat transport than that at the western boundary with the opposite sign in the model ENSO. With a simple coupled model, Zebiak (1989) demonstrated that the meridional heat transport at the western boundary opposes the tendency in the equatorial heat content with a compensating interior transport. Our result is also supported by the suggestion of An and Kang (2000) , that the net meridional mass transport variation is accomplished through a competi- tion between the meridional transport over the tropical ocean interior and the east-west boundary fluxes, where the former dominates the latter. This evidence supports the conclusion that a charge-discharge mechanism is at least partially attributable to the wind-driven meridional circulation (or Sverdrup flow) change in the tropical upper ocean.
Irregularity of model warm events
The SST-NINO3 evolution of warm events
The previous section suggested that the oscillation mechanism acting in this model ENSO is consistent with the recharge oscillator paradigm (Jin 1997 ) from the analyses for the spatial and temporal structure of the variations in SST, ocean heat content, and wind stress. Next the focus is on why the amplitude of the model ENSO events differs from one event to another, as seen in the time series of the SST-NINO3 in Fig. 1 . Figure 7 presents a histogram of the peak value of three-month mean SST-NINO3 anomalies for the warm and cold events in the 400-year model integration. The peaks are defined by searching the maximum or minimum for the consecutive 11 months' bins in order to avoid double counting a single event with double peaks. The amplitude ranges from less than À2
C for the cold events, to above þ4 C for the warm events. It is remarkable that the peak value distribution is skewed toward warm events compared with a normal (Gaussian) distribution. The observed ENSO also exhibits such skewness in the SST-NINO3 time series (Trenberth 1997) , which is considered to be associated with the nonlinearity of ENSO and will be discussed later. Since the cold events in the model ENSO have a smaller range in their amplitude, thus showing less amplitude irregularity. Then the amplitude irregularity is investigated only for warm events.
The total number of the warm events is 151, counting warm events with peaks larger than 1.0 C, which means that the average interval between significant warm events is 2.6 years. A strong events group and a weak events group are selected, with peak values of 3-month mean SST-NINO3 anomalies of greater than 3.0 C and 1.0-1.5 C, respectively. The criteria for choosing them was that the number of events in both groups were close to each other. In the 400-year model integration, 27 events were classified as strong ones and 26 events as weak. Number of Events Fig. 7 . Histogram of the distribution of the peak value of SST-NINO3 anomalies for the simulated ENSO events. The peaks are determined by searching for the maximum or minimum in the consecutive 11 months bins in the 400-year model integration. Figure 8 shows the seasonal evolutions of SST-NINO3 anomalies for strong and weak events. It is apparent that there is a phaselocking of peaks from September through December. There is no peak in boreal spring (February to June) for the strong events group. In contrast, the weak events tend to have their peaks in relatively diverse seasons, June to the following January. A few events in the weak group have peaks in boreal spring. This implies some relationship between the irregularities of amplitude and the seasonal locking of El Niñ o. This interesting phase locking behavior will be discussed later.
Lagged composites for strong and
weak events A set of lagged composite analyses was made to examine the difference between strong and weak events. The composites were made so that their SST-NINO3 peaks came to lag ¼ 0, and the temporal evolutions were compared between the composites for the strong events and weak events. The examined fields were zonal averages of SST, zonal wind stress and ocean heat content, in the equatorial band (6 S-6 N), and the off-equatorial wind stress curl and northward heat transport in the upper ocean at 6 N latitude (Fig. 9) . The standard deviations of the composite are also shown for each group as well as the composite averages, in order to evaluate the statistical significance of the difference between the strong and weak events groups.
The equatorial SSTs (Fig. 9a) obviously show a significant difference (90% level) between the strong and weak composites around the peak phase (lags from À4 to 4 months) as a matter of course by definition. The evolutions of equatorial ocean heat content variation exhibit their maximum 4 to 6 months prior to the development of equatorial SST anomalies, and the strong events composite seems to peak slightly earlier than the weak composite. The ocean heat content anomaly about 6 months before the strong events is significantly larger than that before the weak events. The relationship between magnitudes of SST and ocean heat content anomalies is clearly illustrated in Fig.  9 . At around 12 months before the peak phase (when the equatorial SSTs show minimum), there is a marginally significant difference (70% level) in the equatorial SST and wind stress curl between the strong and weak composites. This implies that the stronger warm events tend to have preceding colder events as a precursor. The negative anomalies of wind stress curl at the northern off-equator (6 N) regions have larger magnitude prior to the strong events than the weak events, and the difference is marginally significant 12 to 9 months before the peak SST phase (Fig. 9a) .
The period (lags from À15 months to À6 months) when the equatorial ocean heat content is developing (i.e., positive tendency) can be regarded as the recharge phase in the model ENSO. During the recharge phase, the negative wind stress curl anomaly is expected to make an anomalous southward transport at the northern edge of the equatorial band. The meridional heat advection anomalies (Fig. 9d) indicate a larger southward heat transport for the strong events than for the weak events, however the difference is not statistically significant. There also seems to be a phase difference at the negative (southward) peak of heat transport, À10 months for the strong, and À13 months for the weak, but the difference is not statistically significant.
After the event, the evolution of the ocean heat content anomaly exhibits different evolutions between strong and weak events after þ6 months lag, and a significant difference remains for more than 12 months. The ocean heat content anomaly after strong events stays significantly lower than after weak events. Since the decrease of ocean heat content is much larger for strong events due to the larger discharge of heat content in the equator associated with the stronger atmospheric changes (e.g., the off-equatorial positive wind stress curl, Fig. 9c ), the ''overshooting'' of the discharge is considered to make the post-event difference. The over-discharged ocean heat content in the equator does not recover until 20 months after the strong events, which may prevent preconditioning for future warm events in successive years. This is possibly why a multi-decadal epoch with strong events (as seen in Fig. 1 ) is more favorable for a longer (3 yr-6 yr) period oscillation rather than a biennial oscillation, at least in this model ENSO.
The variation of meridional heat transport at the northern off-equator (6 N) region indicates a fairly good correlation with the chargedischarge of the ocean heat content in the equator (Fig. 6) . Figure 9d implies a certain contribution of the meridional heat transport to the charge-discharge, but shows little significant difference between strong and weak events, suggesting that it does not provide a sufficient condition for the difference of chargedischarge intensity.
Heat budgets for amplitude irregularity
The variation of ocean heat content is a result of the balance among horizontal and vertical advection, diffusion, and surface heat flux (including penetrative solar radiation), and these variables fluctuate greatly compared to the total heat budget. A heat budget analysis is made for the tendency of ocean heat content in the region bounded by the eastern and western coast and 6 N and 6 S latitudes with a bottom at 300 m depth. Figure 11 shows the total tendency and its contributions from horizontal advection, surface heat flux (radiation included), vertical advection at the bottom and residual terms. The composite variations are shown for the strong and weak events groups in the same manner as in Fig. 9 .
The total tendency is the rate of change of the ocean heat content variation shown in Fig.  9b . For strong events, its magnitude is significantly larger both in the recharge phase (À15 to À6 months lags) and discharge phase (À3 to þ6 months lags), compared to that for the weak events. The horizontal advection for strong events makes a dominant contribution to the total tendency, and has a significantly larger anomaly in the recharge phase than that for the weak events, while there is no significant difference in the discharge phase.
The contribution from vertical advection exhibits a damping for the total tendency, with a magnitude roughly 40% of that. Yu and Mechoso (2001) suggested a dominant contribution of vertical advection to the building up of subsurface temperature anomalies in the western equatorial Pacific. This does not, however, contradict the present result, since in their analysis the heat budget is calculated separately for surface and subsurface layers, thus reflecting the variation of thermocline zonal gradient as well as gross heat content. The present analysis, on the other hand, calculated the heat budget for the entire upper 300 m of ocean in order to focus on the exchange of gross heat content of the equator.
The surface heat flux makes a positive contribution to the total tendency and has a slightly smaller magnitude than the vertical advection. This suggests that the cooling (warming) due to upwelling (downwelling) is nearly cancelled by the surface flux anomaly. The difference of surface flux between strong and weak events is significant in the discharge phase (0-3 month lags). It is suggested that the surface heat flux plays a relatively larger role for discharge than for recharge, since cooling by the surface evaporation exponentially increases in a warmer SST.
Note that the horizontal advection term (Fig.  11b) includes a large part of the transport by the propagation and wave reflection of transient waves as well as the transport by the mean current, since the effects of those waves (including tropical instability waves) are reasonably resolved by the model with a 0.5 degree grid interval near the equator. The residual term includes the heat fluxes due to sub-gridscale mixing at the lateral boundary, and the diffusive flux at the bottom, and is negligible for the variation. In order to evaluate the effects of the model's resolved eddies and wave reflection at the boundary, the transport calculated by the product of monthly mean fields for velocity and temperature is subtracted from the total horizontal advection (Fig. 11f ) . Although the contribution of the transient wave effects is not small and is in phase with the total, there is no significant difference associated with the magnitude of the event in the recharge phase. This suggests that the larger recharge before strong events is mainly dominated by the larger meridional convergence of the mean transport and the larger surface heating.
Precursors in the recharge phase
It is useful to compare the meridional anomaly distributions of the associated variables during the recharge phase (average of À15 to À6 months lags), to understand the causes of magnitude differences of ocean heat recharge. For strong events, the zonally averaged ocean heat content tendency (Fig. 12a) indicates that the heat build up is larger at the equator, whereas there are only slight differences in heat losses in the subtropics (larger heat loss for strong events), though their differences are not significant.
The zonally averaged surface heat flux (Fig.  12b) suggests larger input in the subtropics (23 S-12 S, 12 N-17 N) in the recharge phase of strong events, though there is no significant difference at the equator. The surface heating anomalies in the subtropics are consistent with the westerly wind stress anomalies, which imply a weakening of climatological easterly trade wind and a suppression of evaporative surface cooling. It also implies that the subtropical upper ocean loses energy by charging it into the equator, but it is partly compensated by getting energy at the surface. The energy flow in the model recharge phase is schematically shown in Fig. 13 . In other words, in the recharge phase of warm events, there is an energy flow from the subtropical atmosphere to the equatorial upper ocean through meridional heat exchange in the upper ocean, and the energy flow is intensified before strong events.
If the Sverdrup flow relation is considered, the meridional distribution of the zonal wind stress has an essentially dynamical effect on the meridional mass transport in the upper ocean. The zonal wind stress anomalies (Fig.  12c ) near the equator have easterly anomalies with no significant differences between the strong and weak events. In contrast, in the offequator to subtropics particularly around 10 N, a larger westerly wind stress anomaly is evident for strong events. The wind stress curl anomalies also exhibit differences between strong and weak composites. The negative wind stress curl anomaly shown in the northern offequator region (centered at 5 N) implies the generation of a southward Sverdrup flow, and the positive wind stress curl anomaly in the South Pacific implies the generation of a northward Sverdrup flow. The zonally integrated effect of these meridional flow anomalies leads to a convergence of mass into the equator, which lowers the thermocline and increases the heat content at the equator. It is suggested that the larger heat recharge is related to the larger wind stress curl anomaly in the northern offequator region. In the southern Pacific, on the other hand, there is no significant difference in the wind stress curl anomalies associated with the strength of events, which suggests little contribution from the heat transport from the south, at least in relation to the magnitude irregularity in the model ENSO.
It is an interesting topic to investigate whether or not similar differences are seen for the observed El Niñ o events, which have been shown for the recharge phase in the model ENSO. Although, there are too few observed events to support a statistical discussion, the Florida State University pseudo wind stress data, based on the observation for 1980-1999 (Legler et al. 1989) , and the surface heat flux from NCEP/NCAR reanalysis (Kalnay et al. 1996) are used. The 1982 and 1997 events are selected as strong El Niñ os, and the 1987 and 1992 events as weak El Niñ os. As in the model ENSO, the periods from 15 to 6 months before the observed SST-NINO3 peak phase are assumed to be the recharge phase.
Both the 1982 and 1997 El Niñ os exhibit the zonal wind stress anomaly (Fig. 14a) , with positive anomalies at around 10 N and negative anomalies in the equator through the southern tropical Pacific, and the wind stress curl distribution ( Fig. 14b) with negative anomalies near the equator through 10 N. These meridional structures of zonal wind stress anomalies agree with those for the model, implying an effective recharge of heat into the equator. For the 1987 and 1992 El Niñ os, however, such meridional structures are not robust; rather those in the northern off-equator zone appear to possess opposite signs. It is found that the typical structure of the wind stress anomaly for the heat recharge into the equator is significant, particularly for the 1982/83 El Niñ o.
The anomalies of surface heat flux (Fig. 14c ) do not exhibit the typical meridional distribution as seen in the recharge phase of the model ENSO. However, it cannot be concluded that the surface heat flux has little contribution from this result, since the surface heat flux data from the reanalysis is not based on direct observation, but is dependent on the response of the atmospheric model to SST anomalies, and the reliability has not been sufficiently verified. 
The irregularity of phase locking
The previous section demonstrated that the model adequately simulated the peak phase of the equatorial Pacific SST anomaly (Fig. 8) tending to appear in the preferred season, specifically September through December. Furthermore, there is an irregularity of the phaselocking behavior closely related with the amplitude of the events. Figure 16 presents the histogram of the simulated warm events (with amplitude exceeding 1.0 C) relative to the calendar months of the peak. A large number of peaks is simulated in September through December, and there is a secondary mode in May, which can be categorized as early-peak events. In the recharge phase, there is an equatorward heat transport anomaly in the upper ocean due to a slow oceanic adjustment, which is partly compensated by an anomalous surface heating (suppressed evaporative cooling) due to the weakened easterly in the subtropics. The equatorward heat transport anomaly at the northern boundary (6 N) dominates the variation of total heat budget of the basin-wide equatorial upper ocean heat content.
6°S
To examine the differences in the condition of event evolutions associated with the different peak seasons. The events are classified into two groups: normal-peak events, with their peaks in September through December, and earlypeak events, with their peaks in May through August. The normal-peak group contains 87 events, and the early-peak group contains 14 events. Figure 17 illustrates the composite evolutions of the equatorial SST and ocean heat content anomalies, for the normal-and earlypeak events. There is little difference in the onset timing of the SST anomaly between the normal-and early-peak events. However, the development of the SST anomaly for the early-peak events is suppressed after July, while that for the normal-peak events is sustained until November, and leads to the larger SST peak anomaly. The early-peak events possess a broader peak phase than the normalpeak events. A similar feature is seen for the observed El Niñ os, as pointed out by Neelin et al. (2000) , though they categorized it as earlyonset rather than early-peak. The evolution of ocean heat content for the early-peak events has slightly earlier onset (@1 month) and earlier peak (@1 month) than the normal events, and a sharp decrease after April. It is interesting to note that the magnitude of the ocean heat content anomaly for the early-peak events is larger, even though the SST peak is significantly smaller, compared to those for the normal events.
A heat budget analysis was made for the variation of the equatorial ocean heat content for each composite (not shown). It was found that the variation of horizontal advection with the mean current is the dominant term and that the relations between other terms are also similar to those shown in Fig. 11 , except that the evolutions are earlier after April for the early-peak events relative to those for the normal-peak events. Xie (1995) demonstrated in a pair of OGCM experiments that the SST anomalies in the eastern equatorial Pacific are larger when the thermocline depth anomaly peaks in boreal fall than when it does in boreal spring, in response to identical wind forcing and thermocline anomalies. The present result seems to be supported by Xie's conclusion that the ocean thermodynamics (SST equation) con- tains a nonlinearity that tends to produce larger SST variability in boreal fall/winter, than in spring.
Summary and discussion
The irregularity of El Niñ o was investigated with a 400-year simulation of a coupled GCM. The model simulated ENSO variability with reasonably realistic spatial structure and temporal evolution. The simulated maximum SST anomaly in the NINO3 region ranged from 1 C to 4 C. The temporal phase relationships, between the variation of SST, wind stress and ocean heat content in the tropical Pacific, are consistently explained with the recharge oscillator theory proposed by Jin (1997) . It was shown that the zonally averaged ocean heat content anomalies are exchanged between the northern subtropics and the equatorial region, and the maximum phase of the equatorial ocean heat content anomaly precedes that of the SST anomaly at the equator, while the wind stress anomaly is almost simultaneously linked with the SST anomaly.
The variation of the equatorial ocean heat content possesses two distinct dominant modes. The first is a zonal asymmetric variation that explains the variation of east-west tilt in the thermocline depth, and the second explains the variation of the zonal mean ocean heat content. The spatial pattern of the ocean heat content variation, related to these two modes, suggests the Fast adjustment mode and the Very Low Frequency mode (Jin 2001 ) associated with the recharge oscillator mechanism.
The equatorial ocean heat content anomaly is charged (discharged) coherently with equatorward (poleward) zonally integrated anomalous heat transport in the upper ocean. The variation of meridional heat transport is consistent with the Sverdrup flow change implied from the wind stress curl forcing in the off-equator region. It is suggested that the meridional structure of the wind stress curl anomaly near N, reflecting the wind anomaly near 10 N associated with the atmospheric response to the equatorial SST anomaly, is important for the effective recharge-discharge.
It was found that the variation of northward heat transport at 6 N lagged behind the variation of the wind stress curl by 1-2 months (Fig.  6 ). This phase difference is thought to be an oceanic adjustment time through off-equatorial Rossby waves to the wind variation. It is noted that the observed wind stress curl variation has a slightly broader latitudinal extent (Fig. 14b) that would make the phase difference longer. Consistent with this meridional distribution of the wind variation, the model exhibits a slightly narrower latitudinal extent for the variations of ocean heat content and SST than for the observed one. Since the meridional extent of the ocean heat content variation is smaller than observed, the required time for the heat charge becomes shorter even though there was the same meridional transport. It is thought that that the period of the model ENSO also depends on the strength of the negative feedback associated with the meridional transport that includes the effect of wave reflections.
The variation of zonal mean convergence of the meridional transport is dominated by the change in the ocean interior current, though it is mostly cancelled by the effects of Rossby wave reflection at the western boundary as implied in Fig. 3d and Fig. 6 . This feature agrees with the suggestion by An and Kang (2000) in their simple model. If the efficiency of Rossby wave reflection is underestimated in the model, the stronger negative feedback (due to the weaker cancellation against the mean meridional transport) may lead to a shorter timescale oscillation. These differences are consistent with the generally shorter period of the model ENSO compared to the observed ENSO. However, identifying the causes for the model's shorter ENSO timescale is a complicated problem, and should be studied in the future.
The amplitude irregularity for the model warm events was examined by comparing composites for the strong and weak events. It was found that a larger amount of heat is built up in the equatorial upper ocean as a precursor of stronger events. This result agrees with the analysis by Meinen and McPhaden (2000) , for the observed ENSO, which showed that the largest heat content anomaly in the equator was found before the 1997/98 strongest El Niñ o during the analyzed period. The heat budget analysis suggests that the larger building-up of the heat content anomaly is primarily due to the larger equatorward heat transport by horizontal advection associated with a wind stress curl anomaly in the off-equator region. The surface heat flux anomaly is a secondarily important contribution for the building-up of the equatorial heat content in the recharge phase, whereas it is relatively more important in the discharge phase.
The magnitude of the SST anomaly is nonlinearly proportional to the preceding equatorial ocean heat content anomaly. It is noted that there is an interesting asymmetric relationship between the anomalies of SST and ocean heat content, in which positive SST anomalies (warm events) reach larger magnitudes than negative SST anomalies (cold events) for a given magnitude of ocean heat content, as shown in Fig. 10 . This feature also agrees with the observed ENSO (Meinen and McPhaden 2000) .
Why strong events are strong and weak events are weak is an essential question in the model ENSO. The analysis from Fig. 9 indicates that for strong events, everything is larger, and for weak events, everything is smaller in amplitude. One possible explanation is that nonlinearity is inherent to the ENSO system with its chaotic behavior. If there is a very small (but statistically detected) difference in the pre-conditioning phase, it possibly amplifies due to the nonlinearity of the ENSO system and leads to the large difference at the peak phase.
It is not easy to answer what is nonlinearity in the model ENSO in a highly complex CGCM. Recently, Hannachi et al. (2002) evaluated the nonlinearity of the model ENSO for many CGCMs. They used statistics for the amplitude relationship between thermocline depth anomaly and SST anomaly at the equator and the skewness of probability density distribution of the NINO3 SST. They pointed out that the nonlinearity is generally underestimated in the majority of the models. For our model, however, the amplitude relationship (Fig. 10) exhibits nonlinearity, and the SST peak distribution is remarkably skewed, as shown in (Fig. 7) . This qualitative evidence implies that nonlinearity plays a key role in amplitude irregularity in the model ENSO.
An alternative candidate for the cause of the amplitude irregularity is the forcing that is external to the ENSO system (against the intrinsic ENSO system). The forcing may include a stochastic high frequency forcing (such as westerly wind bursts), and a forcing from the outside of the equatorial Pacific Ocean (i.e., the extratropical Pacific and/or Indian Ocean). The external forcing enhances (suppresses) the events in the pre-conditioning phase or the developing phase or both, and results in larger (smaller) amplitude at the peak phase than the inherent amplitude. This explanation is plausible for two reasons. (i) The differences between strong and weak events can be traced back to before the SST warming, when there is no significant difference in the ocean heat content at the equator (Fig. 9b). (ii) Significant differences are seen only in the subtropics (Fig. 12) . Both the nonlinearity and the external forcing are believed to induce the irregularity, though it is difficult to evaluate which contribution is dominant.
During the recharge phase of the observed strong El Niñ os in 1982/83 and 1997/98, the spatial structure of the wind stress anomalies was consistent with the model result, in which the wind stress curl exhibited negative anomalies in the northern off-equator region, and positive anomalies further north, particularly in the western North Pacific. It is difficult to evaluate the reliability of this agreement because there are very few observed samples.
At present, it is still uncertain what causes this difference of the wind anomaly in the recharge phase. However, in the subtropical western Pacific, there is a climatologically large amount of precipitation, and its interannual variability is also large. We posit that atmospheric circulation anomalies in the subtropical western North Pacific may play a key role in the modulation of preconditioning. In the studies about intrinsic ENSO mechanisms with simplified or theoretical coupled models, these variations have been regarded as stochastic forcing or weather noise. However, there is a connection (which may not be robust, but which has a certain level of statistical significance) between the subtropical western Pacific wind stress curl and the tropical oceans, through the influence of ENSO. For instance, it has been widely noted that the interannual variation of the Asian summer monsoon is influenced by the El Niñ o during the preceding winter (e.g., Shukla and Paolino 1983) . A number of hypothetical mechanisms have been proposed for that linkage (e.g., Krishnamurthy and Goswami 2000) . Furthermore, there is an interdecadal modulation of the Asian summer monsoon-ENSO coherency, which was pointed out by Torrence and Webster (1999) , Krishnamurthy and Goswami (2000) and Kinter et al. (2002) . In the meantime, Kawamura et al. (2001) suggested a possible teleconnection from the Asian summer monsoon variation to the atmosphere-ocean variations in the subtropical western Pacific. By forcing a Cane-Zebiak model with a heating in the Asian monsoon region that is correlated with the tropical Pacific SST, Chung and Nigam (1999) found that the Asian monsoon heating modulates the ENSO variability (although their coupled domain is limited in the 20 S-20 N latitudes). These studies imply that there is a possible feedback mechanism in the ENSO-monsoon system.
With regard to the feedback process associated with variation in the off-equator regions, on the other hand, Weisberg and Wang (1997) proposed a hypothesis for the ENSO oscillation paradigm, which emphasizes the importance of the off-equatorial SST anomaly in the western Pacific induced by wind forcing in response to the SST anomaly in the east-central equatorial Pacific.
It is believed there is a potential predictability for the magnitude of El Niñ o, with the precursors shown in this study, through a certain feedback mechanism such as ENSO-monsoon feedback. However, the feedback mechanism is probably complicated and may not be robust, since, as a matter of course, the Asian monsoon reflects the land surface condition over the Asian continent; moreover, the atmospheric circulation at subtropical latitudes is easily influenced by midlatitude atmospheric dynamics.
The phase locking of peak phase of ENSO to the end of the calendar year is widely known (e.g., Rasmusson and Carpenter 1982) , however, the mechanism is not yet fully explained. Some studies attributed it to the seasonality of coupled instability (e.g., Tziperman et al. 1998; Galanti and Tziperman 2000) , suggesting that the coupled instability reaches its minimum at the end of a calendar year. Penland and Sardeshmukh (1995) suggested that the phase locking is due to seasonality in the stochastic noise forcing. Alternatively, Neelin et al. (2000) revealed the scattered phase-locking behavior of the observed ENSO, and investigated its mechanism with two different complexity coupled models. They suggested that the phase locking is due to a nonlinear interaction between the inherent ENSO cycle and the annual cycle, and argued that the scatter of the phase locking can be induced by the variation of nonlinearity. They also showed that the behavior becomes realistic when atmospheric stochastic forcing is included.
It has been shown that our model reasonably reproduces the phase locking and its irregular behavior. The strong events tend to have their peaks in September through December, while the weak events have their peaks in more diverse seasons (Fig. 8) . If it is accepted that the phase-locking mechanisms are due to the seasonality of the coupling instability, it may explain the relationship between amplitude and phase locking in the model ENSO. The events whose peak phases arrive at the time of minimum coupled instability can develop significantly, otherwise the development of the event will be suppressed.
It is also possible to explain the relationship by the differences of nonlinearity as proposed by Neelin et al. (2000) . When warm events are strong, it has to be more nonlinear. Since the phase locking is possible only if nonlinearity is sufficiently strong, it is natural that strong events are phase locked due to strong interaction with the seasonal cycle. The small amplitudes of weak events mean that the nonlinear processes are less important. Thus, it is hard for the phase to be seasonally locked, and the phase tends to spread.
These explanations are consistent for the simulated phase-locking behavior. However, it is more difficult to evaluate the variation of coupling instability and nonlinearity in the full CGCM than it is in simplified models. A composite analysis for the early-peak and normalpeak events, revealed no significant indication of the cause except for the earlier evolution of the equatorial ocean heat content for the earlypeak events. Phase locking is probably sensitive to the small differences of parameters such as nonlinearity and external (stochastic) forcing. One way to confirm the above argument is to conduct some additional experiments, for example, to run the model with different external forcing, which should be considered in another paper.
A possible linkage, between frequency modulation and amplitude modulation, is implied for the model ENSO. The model generally exhibits dominant biennial oscillation. However, the lower frequency, with 3-6 year intervals, appears more dominant in the periods with larger amplitude events. A similar magnitudefrequency relationship in ENSO was pointed out by Zebiak and Cane (1987) . In their simple coupled model, a stronger atmosphere-ocean coupling induced larger oscillations with a longer timescale.
It can be deduced that the linkage was as follows. Since the ocean heat content is over-discharged from the equator during strong events, the post-event condition of the equatorial upper ocean is maintained for a longer time, which retards the build-up of the ocean heat content anomaly for the next warm event.
If the recharge phase is retarded, the development phases of the following events do not occur in a season with a coupling strength favorable for development. That results in missing the quasi-biennial interval of the events.
Since the above explanation is based on a statistical feature, there are some exceptions, for instance, the warm event in the 73-74 model year is immediately followed by another strong event, even though there is a strong discharge of the equatorial ocean heat content (Fig. 1) . The differences are examined, between the multi-decadal period with low frequency (105-127 and 160-175 model year), and the rest of the period (not shown), and no significant difference were found, in the climatological background or pre-conditioning phase, to indicate the cause of the frequency difference. The cause of these irregularities may be difficult to identify by examining individual events one at a time, since it is related to the chaotic behavior of the model ENSO induced by the nonlinearity. Some additional experiments may be useful, for instance, to run the model with a forcing (or some parameter change) that can alter the dominant period of the model ENSO, which should be considered in a future study.
We are interested in improving the quantitative accuracy and the reliability of El Niñ o forecasts, by searching for a precursor to the magnitude of an expected warm event. The present analysis has shown that the precursor signals in the recharge phase of following events have a moderate significance level (70%). However, the information, even at this significance level, is useful for probability forecasts. Furthermore, the information gives useful suggestions as to the key factor for improving the forecasting skills of the model. There are still a number of questions about the irregularity of ENSO that need further studies with various approaches, such as conceptual or simplified modeling, GCM experiments, and analyses of the observation.
